Synapse impairment is thought to be an early event in Alzheimer's disease (AD); dysfunction and loss of synapses are linked to cognitive symptoms that precede neuronal loss and neurodegeneration. Neurogranin (Ng) is a somatodendritic protein that has been shown to be reduced in brain tissue but increased in the cerebrospinal fluid (CSF) of AD patients compared to age-matched controls. High levels of CSF Ng have been shown to reflect a more rapid AD progression. To gauge the translational value of Ng as a biomarker, we developed a new, highly sensitive, digital enzyme-linked immunosorbent assay (ELISA) on the Simoa platform to measure Ng in both mouse and human CSF. We investigated and confirmed that Ng levels are increased in the CSF of patients with AD compared to controls. In addition, we explored how Ng is altered in the brain and CSF of transgenic mice that display progressive neuronal loss and synaptic degeneration following the induction of p25 overexpression. In this model, we found that Ng levels increased in CSF when neurodegeneration was induced, peaking after 2 weeks, while they decreased in brain. Our data suggest that CSF Ng is a biomarker of synaptic degeneration with translational value.
Introduction
Alzheimer's disease (AD) is a progressive neurodegenerative disease with key pathological hallmarks including amyloid plaques, neurofibrillary tangles and neurodegeneration (Scheltens et al., 2016) . Loss of synapses is thought to be an early event in the development of AD (DeKosky and Scheff, 1990; Masliah et al., 2001; Scheff et al., 2007) and already at early stages of the disease, dysfunction and loss of synapses are linked to cognitive symptoms and are thought to precede neuronal loss and neurodegeneration (DeKosky and Scheff, 1990; Henstridge et al., 2016) . The degree of cognitive impairment has been found to be more closely associated with synaptic loss compared to amyloid plaques or neurofibrillary tangle content (Masliah et al., 2001; Scheff et al., 2007; Blennow et al., 1996; Davies et al., 1987; Sze et al., 1997) , particularly in certain areas of the brain, such as the hippocampus (Scheff et al., 2007; Scheff et al., 2006) . Consequently, synaptic proteins have the potential to be biomarkers for early AD diagnosis and for monitoring disease progression and effects of disease-modifying therapeutics.
Neurogranin (Ng) is a protein expressed in neurons of the amygdala, hippocampus, cerebral cortex and other associative cortical areas (Bogdanovic et al., 2002) . Neurogranin is present in the somatodendritic compartment and can be translocated, upon stimulation, together with calmodulin (CaM) at the dendritic spines where it can sequester CaM, thereby regulating its local availability and controlling the spatiotemporal patterns of Ca2+/CaM dependent signaling (Diez-Guerra, 2010; Petersen and Gerges, 2015) .
Initial studies demonstrated that levels of Ng were reduced in brain tissue of patients with AD (Davidsson and Blennow, 1998) . More recent studies have shown increased levels of Ng in the cerebrospinal fluid (CSF) of patients with AD or with mild cognitive impairment, as compared to healthy controls (Kester et al., 2015; Kvartsberg et al., 2014; Thorsell et al., 2010) , and high levels have been shown to reflect a more rapid disease progression (Kvartsberg et al., 2014; Mattsson et al., 2016; Portelius et al., 2015) . This increase in CSF Ng levels has also been shown to be specific to AD, since it is not observed in other neurodegenerative diseases such as Parkinson's disease, amyotrophic lateral sclerosis and primary tauopathies (Portelius et al., 2018; Wellington et al., 2016) . More detailed biochemical studies have shown that Ng is present both as full-length protein and as shorter peptides in brain and CSF; specifically, several C-terminal peptides have been identified Kvartsberg et al., 2018) . We have recently demonstrated that Ng in CSF is cleaved in the middle by calpain-1, generating C-terminal peptides that fit with the endogenous peptides described previously (Becker et al., 2018) . It is not known today whether this cleavage is linked to disease progression and progressive loss of memory. However, a detailed study of Ng species in brain tissue suggests that cleavage of Ng is upregulated in AD (Kvartsberg et al., 2018) .
Translatable pre-clinical models reflecting the pathological spectrum of AD, including amyloid plaques, neurofibrillary tangles and neurodegeneration, are of great value to study disease mechanisms and for drug development. Although several models exist where amyloid plaque and/or tau pathology are present, loss of neurons is rarely part of the described pathology (Hall and Roberson, 2012) . Furthermore, a biomarker reflecting events downstream of amyloid and tau pathology and more closely linked to cognition, would be of interest for the development of disease-modifying drugs. There is also a growing consensus that more than one pathological mechanism may need to be addressed to achieve true disease modification in AD; for example an Aβ-targeting drug should potentially be combined with a drug that improves neuronal and/or synaptic health to improve symptoms. Being able to monitor the same biomarker changes in pre-clinical models and in patients would be of great translational value.
To this end, we have developed a highly sensitive immunoassay on the Single molecule array (Simoa) platform for measurement of Ng in CSF from mice and humans. Using this assay, we confirmed an increase in CSF Ng concentration in AD patients compared with cognitively normal controls. We also explored how Ng levels change in the brain and CSF in an inducible transgenic mouse model of neurodegeneration. We used the CamKII-TetOp25 model (referred to as p25 mice) (Cruz et al., 2003) , a model in which prolonged p25 expression causes severe synaptic loss and brain atrophy, accompanied by behavioral deficits (Cruz et al., 2003; Fischer et al., 2005) . In these mice, we recently described increased CSF levels of neurofilament light (NFL) upon neurodegeneration (Brureau et al., 2017) and in prior studies we also documented substantial synaptic degeneration as demonstrated by reduced levels of the post-synaptic protein PSD-95 in the hippocampus; in contrast, no decrease in hippocampal PSD-95 levels was found in 8 month-old APP/PS1 (Thy1.APPmutxPS1M146L, the mouse model described in Blanchard et al. (Blanchard et al., 2003) ), and 9 month-old ThyTau22 (Schindowski et al., 2006 ) mice compared to wild-type mice (see Supplemental Figs. 1 and 2). The present work aimed to determine whether CSF Ng could be a biomarker of synaptic degeneration with translational value.
Material and methods

Antibodies
The following antibodies were used: the commercially available anti-neurogranin antibody H-6 (Santa Cruz #sc-514922, clone H-6) generated against immunogen 1-50 of Ng, Ng2 which is an in house made monoclonal anti-neurogranin antibody with a suggested epitope of amino acid 52-63 and a rabbit monoclonal anti-Ng antibody (Abcam, ab23570) for Western Blot.
Characterization of the H-6 monoclonal anti-Ng antibody
Western blot (WB) was performed as described previously (Becker et al., 2018) . The protocol includes stringent fixation of the transferred proteins and peptides to nitrocellulose by drying the membrane overnight, followed by further fixation by incubation in 0.4% formaldehyde in PBS for 30 min at room temperature.
Epitope mapping by surface plasmon resonance (SPR)-binding measurements
Anti-mouse IgG antibody (mouse antibody capture kit BR-1008-38; GE Healthcare) was immobilized according to kit instructions on a CM5 Biacore chip (BR-1000-12) in a Biacore X100 instrument (GE healthcare, Uppsala, Sweden) via amine-coupling at 25°C in 1× running buffer HBS-EP (BR-1006-69). Using an antibody concentration of 30 μg/mL, a final value of 8770 response units (RU) for the immobilization level was obtained. The cycles for the capture binding analysis were set up as follows: flow rate 10 μL/min; temperature: 25°C; capture contact time (H-6 antibody at 100 nM in running buffer): 180 s, stabilization period: 180 s; sample contact time (peptide at 300 nM in running buffer): 300 s; dissociation time: 300 s; first regeneration: glycine 10 mM, pH 1.5, contact time 180 s; second regeneration: HCl, 30 mM, contact time 180 s, stabilization period 300 s. The response was measured about 20 s after the end of injection of the peptide ("binding stability") and used to determine the apparent epitope of H-6 (Santa Cruz, sc-514922). Binding analysis was performed using the Biacore X100 Evaluation software (V2.0.1).
Simoa assay for quantification of mouse and human neurogranin
Capture beads were prepared by conjugation of antibody Ng2 to paramagnetic beads (Quanterix, Lexington, MA, USA) according to the bead supplier's protocol with bead activation at +4°C with 0.3 mg/mL EDC and antibody conjugation at +4°C with 0.2 mg/mL antibody. Detection antibody was prepared by biotinylating monoclonal antibody H-6 (Santa Cruz #sc-514922, clone H-6) at a 40-fold molar excess of biotin (Thermo Scientific, 21329) according to the biotin supplier's protocol. Prior to each run, human Ng GSTtagged recombinant protein (produced in house) was serially diluted in 100 mM Tris pH 9.0, 0.05% Tween 20, 0.05% BSA (Assay Diluent). Bead reagent was prepared by inclusion of 70% (n/n) helper beads (Quanterix, Lexington, MA, USA), to conjugated beads. The bead mix was washed and resuspended in Assay Diluent for a total concentration of 20,000 beads/μL. Detection reagent was prepared by dilution of detection antibody to 0.8 μg/mL in Assay Diluent. For each determination, 25 μL bead reagent was mixed with 20 μL detection reagent and 100 μL calibrator or prediluted sample, followed by a 35 min incubation. Afterwards, beads were washed and resuspended in 100 μL streptavidin-conjugated β-galactosidase (Quanterix, Lexington, MA, USA) at 150 pM diluted in SBG Diluent (Quanterix, Lexington, MA, USA). Following 5 min of incubation, the beads were washed and transferred together with resorufin-D-galactopyranoside substrate (Quanterix, Lexington, MA, USA) to an array of wells where each well is sized to accommodate one bead only. The array was imaged to determine individual well light intensities to differentiate between beads with and without bound analyte, giving a signal expressed as average number of enzymes per bead (AEB). A four-parameter logistic curve fit was applied to the AEB signals corresponding to the known concentrations of the Ng calibrator and sample concentrations were retrieved from the curve based on sample AEBs.
Calibration curve data from five assay runs were used to validate the assay (Andreasson et al., 2015) . The Lower Limit of Quantification (LLOQ) was determined by analyzing the deviation from the true value of each calibration point. The deviation for the back-calculated concentrations of the data from the calibrator curve had to be < 25% at LLOQ. The Upper Limit of Quantification (ULOQ) was set to the highest calibrator concentration included and for concentrations between these two limits the deviation for the back-calculated concentrations had to be < 20%. The Limit of Detection (LOD) was determined by adding three standard deviations to the mean AEB of 16 blank measurements and fitting the attained AEB to the calibration curve. Assay precision was validated by repeated measurements of two human CSF samples with different levels of Ng, diluted 8-fold. Precision is reported as the inversely related imprecision measure; the variation coefficient (CV), where repeatability (CV r ) is referred to as the within-run imprecision and (CV Rw ) as the intermediate precision. Analysis of variance (oneway ANOVA) was used in the estimation of the imprecision using the formulas in ISO 5725-2.
For the subsequent study runs, calibrators and human CSF control samples were run in duplicates and all samples from each individual patient were measured within the same run. In the pre-clinical studies, mouse CSF was diluted from 24-to 28-fold depending on the smallest amount of individual CSF available, meaning that all samples within one study were analyzed at the same dilution. Brain tissue homogenates from mouse hippocampus were analyzed at 10,000-or 5000-fold dilution. In the clinical study, human CSF was diluted 8-fold.
Clinical study
Informed consent was obtained for the use of patient clinical data for research purposes.
The AD group (n = 42) consisted of patients fulfilling the criteria for probable AD outlined by the National Institute of Neurological and Communicative Disorders and Stroke and the Alzheimer's Disease and Related Disorders Association (McKhann et al., 1984) . The CSF levels of Aβ40, Aβ42 and total tau (t-tau) were analyzed using Euroimmun assays according to the instructions accompanying the kits (Euroimmun, Lübeck, Germany). The IWG-2 criteria were applied (Dubois et al., 2014) using the Aβ42/40 ratio (AD biomarker profile ratio < 0.1 (Janelidze et al., 2016) ) and t-tau (AD biomarker profile t-tau > 483 ng/L). The cutoff for t-tau for the Fujirebio assay (400 pg/mL) corresponds to 483 pg/mL for the Euroimmun assay based on data from a published commutability study (Andreasson et al., 2018) .
The age-matched control group consisted of cognitively healthy volunteers (n = 50) without history, symptoms or signs of any significant neurological or psychiatric disorder. The study was approved by the Ethical Committee at Lund University (Dnr 2013-494 and 2014-467) . Demographic data are presented in Table 1 .
Mouse model for neurodegeneration
All mice in this study were produced and provided by Charles River (Lyon, France). Experiments were performed at Sanofi in an AAALACaccredited facility in full compliance with standards for the care and use of laboratory animals, according to French and European Community (Directive 2010/63/EU) legislation. All procedures were approved by the local Animal Ethics Committee (CEEA #24) and the French Ministry for Research. Mice were housed in a pathogen-free facility, one per cage, and maintained on a 12-h light/dark cycle with ad libitum access to food and water. Mice of both sexes were used (see paragraph 2.9 for more details).
We used an inducible transgenic mouse model overexpressing p25, the CamKII-TetOp25 mice (p25 mice), generated as described by Cruz et al. (Cruz et al., 2003) . Briefly, p25 bitransgenic mice were generated using the tetracycline-controlled transactivator system (tTA) to generate bitransgenic mice that inducibly overexpress human p25-GFP under the control of a CamKII promoter, which drives high expression of the p25-GFP transgene in the forebrain. In the presence of doxycycline, a tetracycline derivative, expression of the p25 transgene is repressed. All the mice in this study, including littermate controls, were exposed to doxycycline in utero and maintained on a doxycycline containing diet until 6 weeks of age, at which point doxycycline was removed from their diet to induce expression of the human p25-GFP transgene. This event is, hereafter, referred to as induction. XwON refers to bitransgenic animals (p25 mice), whereas WT corresponds to littermate controls that are non-inducible mono-transgenic mice carrying only the TetO-p25 transgene. The very low level of p25 expression in control mice is similar to the level of p25 detected in non-induced p25 mice (data not shown).
Mouse CSF and brain sampling
For CSF sampling, animals were anesthetized with an intraperitoneal injection of a mixture of ketamine hydrochloride (50 mg/ kg) and xylasine (10 mg/kg). CSF was sampled, as previously described (DeMattos et al., 2002) . Briefly, animals were placed on a platform and the arachnoid membrane covering the cisterna magna was punctured. The positive flow pressure allows collection of CSF using a micropipette with a narrow tip. Five to twenty microliters of CSF per mouse were collected and stored at −80°C in polypropylene tubes.
Brains were dissected out and the hippocampi were quickly frozen in cooled isopentane and then stored at −80°C.
Brain tissue homogenization
Frozen hippocampi were lysed in RIPA buffer (Cell Signaling), containing protease and phosphatase inhibitors (Halt™ Cocktail ThermoScientific), using a Precellys tissue homogenizer and CK14 tubes. After lysis, samples were centrifuged at 14,000 ×g for 10 min at +4°C. Protein concentrations of the supernatants were determined using DC Protein® Assay (Biorad) and the supernatants were stored at −80°C pending analyses using Simoa, western blot or immunoprecipitation.
Western blot (WB) for quantification of neurogranin in mouse brain lysates
Equal amounts of total proteins (10 μg) were submitted to WB analysis with the Novex™ NuPAGE® gel electrophoresis system, K. Höglund, et al. Neurobiology of Disease 134 (2020) 104645 according to the manufacturer's instructions (Life Technologies). Proteins were denatured in LDS buffer containing DTT (70°C, 10 min) and then loaded onto a NuPAGE® 12% Bis-Tris Mini gel to perform the electrophoresis using MOPS as running buffer (200 V, 50 min). Proteins were then transferred to polyvinylidene difluoridine (PVDF) membranes (0.45 μm, Life Technologies) using X Cell II blot module (30 V for 2 h at RT). Membranes were blocked for 1 h at RT with Tris-buffered saline (TBS)/0.1% Tween 20/5% BSA and incubated overnight at +4°C with the following primary antibodies: for the evaluation of p25-GFP fusion protein (transgene expression), we used a rabbit polyclonal primary antibody raised against the C-terminal of p25 (C-19) (sc-820, Santa Cruz), and for measuring Ng expression we used a rabbit monoclonal anti-Ng antibody (Abcam, ab23570) which was co-incubated with a rabbit monoclonal anti-GAPDH antibody (Cell Signaling, 2218 L) for normalization of protein loads. The bound antibodies were detected following incubation with an anti-rabbit IgG HRP-conjugated secondary antibody (GE Healthcare, NA940V) for 1 h at room temperature in TBS/ 0.1% Tween 20/5% non-fat dry milk. Immunoreactive proteins were revealed using a chemiluminescence detection kit (ECL-Select, GE Healthcare). The chemiluminescent signal was captured with a LAS-3000 imaging system (Fujifilm) and densitometry performed with MultiGauge software. To allow quantification across several gels, one sample was used as an internal calibrator and was loaded on each gel and its band intensity set to 100%.
Immunoprecipitation-mass spectrometry (IP-MS)
Immunoprecipitation (IP) followed by mass spectrometric analyses (MS) was performed as described previously . Hippocampal lysates were diluted 40-fold for the IP. Briefly, 8 μg of the Ng2 or H-6 antibodies (Santa Cruz #sc-514,922, clone H-6) were added to 50 μL M-280 Dynabeads (Sheep anti-mouse IgG, Invitrogen) according to the manufacturer's product description and cross-linked as previously described (Brinkmalm et al., 2012) . Ng2-or H6-coated beads were used for IP of brain extracts to which Triton X-100 (final concentration 0.05%) was added and incubated at +4°C overnight. Beads and samples were transferred to a KingFisher magnetic particle processor for automatic washing and elution of full-length and Ng peptides. Eluted Ng was collected and dried in a vacuum centrifuge and re-dissolved in 5 μL 0.1% formic acid (FA)/20% acetonitrile (ACN). Samples were subsequently analyzed using an UltraFleXtreme matrix-assisted laser desorption/ionization time-of-flight/time-of-flight (MALDI TOF/ TOF) mass spectrometer (Bruker Daltonics, Bremen, Germany) or high resolution tandem mass spectrometry (MS/MS) using a Dionex Ultimate 3000 nanoflow liquid chromatography (LC) system coupled to a Q Exactive quadrupole-orbitrap mass spectrometer (both Thermo Fisher Scientific). A detailed description about the LC-MS/MS analyses and database searches that were performed can be found in Online Resource 1. All solvents used were of HPLC grade. In both studies in which MALDI TOF/TOF MS was used, the custom Ng peptide RKKIKSGERG-RKGPGPGGPGGAGVARGGAGGGP (corresponding to Ng43-75), with all glycines fully labeled with 13 C (theoretical monoisotopic mass: 3010.74 Da; CASLO, Lyngby, Denmark), was added to the tissue homogenate during sample preparation and was used as an internal standard.
In vivo studies
We first performed a pilot study to establish if levels of Ng were measurable in CSF from induced p25 mice. We included wild type mice (WT, n = 5, only male mice) and p25 mice induced for 3 weeks (3wON, n = 5, only male mice). CSF and hippocampal brain tissue were removed at termination. Levels of Ng were measured in mouse CSF (single measure) and brain tissue (duplicate measure) using the Simoa assay. WB was used to assess the levels of full-length Ng in mouse hippocampal lysates.
We then performed a time-course study in p25 mice to evaluate how p25 induction for various time periods affected the CSF levels of Ng. The time periods of induction were chosen according to our previous unpublished data showing the loss of PSD-95 in hippocampus between 2 and 10 weeks (see Supplemental Fig. 1C and 1D ). We included mice where p25 was induced for one week (1wON, n = 13, 6 male and 7 female), two weeks (2wON, n = 14, 6 male and 8 female), four weeks (4wON, n = 14, 6 male and 8 female), and six weeks (6wON, n = 15, 7 male and 8 female). In the 6wON group, one male mouse died three weeks after the beginning of induction. At each time point, four wild type mice (WT, 2 male and 2 female) were included. CSF was collected for quantification of Ng using the Simoa assay. Nine samples were excluded due to insufficient CSF volumes.
In the last in vivo study, neurodegeneration was induced for four weeks and we included 50 mice in the p25 4wON group (27 male and 23 female) and 49 in the WT group (27 male and 22 female). In this study, both CSF and hippocampi were collected at termination. Ng levels in the soluble fraction of hippocampal lysates were analyzed in all samples both by SIMOA and WB. Besides, 20 of the hippocampal lysates were also used for the characterization of Ng peptides using IP-MS (10 male, 10 female).
Statistics
Graphs were generated using GraphPad Prism® version 7.02 for Windows (GraphPad Software, San Diego, CA, USA) and statistical analyses were conducted using SAS V9.4 (SAS Institute Inc., USA). Significance level was set at 5%. Since data were not normally distributed and/or with unequal variances, log-transformed data were used for statistical analysis or non-parametric analyses were performed. For the evaluation of Ng in human CSF samples, a Student's test was done on log-transformed data.
In the mouse pilot study, for the evaluation of the Ng levels in CSF or brain tissues, a Wilcoxon-Mann-Whitney test was performed. For the evaluation of the impact of p25 induction on synaptic markers (see Supplemental Fig. 1) , a Wilcoxon-Mann-Whitney test was performed followed by a Bonferroni-Holm adjustment. For the time-course study and for the evaluation of four weeks p25 induction (4wON), 2-way ANOVA with factors "sex" and "induction" were performed on log transformed data followed by a Dunnett's multiplicity adjustment in the time-course study. In addition, a Spearman correlation coefficient was calculated on raw data between the levels of Ng measured using Simoa and WB assays.
Results
To establish this new assay, we first searched for an antibody combination that could bind to both mouse and human neurogranin. In a previous version of our human Ng ELISA assay (Portelius et al., 2018) , anti-Ng antibody Ng2 was combined with Ng22 (epitope 63-75), but the latter did not cross-react with mouse Ng. Therefore, we chose to test the combination of Ng2 as capture and the commercially-available H-6 antibody as detector. Fig. 1 provides a schematic illustration of Ng, the amino acid sequence in human and the differences with mouse sequence, as well as the suggested epitopes of the antibodies used in the Simoa assay. To identify which Ng species could be detected or immunoprecipitated with the anti-Ng H-6 antibody used for our assay development, we first performed WB and IP-MS analysis (Fig. 2) . The WB clearly demonstrated that H-6 could bind to both mouse and human Ng in brain lysates ( Fig. 2A ) and that it was also able to recognize the human Ng1-42 peptide but not the other forms (Ng9-33, 15-34 and 43-78). IP-MS analysis on mouse brain lysates (Fig. 2B) further demonstrated that H-6 K. Höglund, et al. Neurobiology of Disease 134 (2020) 104645 could precipitate full-length Ng, while no cleaved Ng peptides were detected (Supplemental Fig. 3 ). From Table 2 , summarizing the responses obtained using the SPR binding measurements, it can be seen that the peptides Ng12-36, Ng40-76 and Ng43-78 did not bind to the H-6 antibody. Therefore, the epitope is likely C-terminal of Ng12-36 and N-terminal of Ng40-76. Indeed, all the peptides that cover that middle region were binding to the H-6 antibody, indicating that amino acids 37-39 likely is the central epitope for the H-6 antibody (Fig. 1) .
Characterization of the anti-Ng H-6 antibody
Simoa assay pre-validation
The calibration range for the Ng assay was set to 0.584-426 pg/mL. The LOD, LLOQ and ULOQ were determined to be 0.92 pg/mL, 1.75 pg/ mL and 426 pg/mL respectively, before adjusting for dilutions. In some experiments ( Fig. 3 and Fig. 4) , an additional upper calibration point was added; all adjusted ULOQs are indicated in the figures and legends. Once adjusted for dilutions and protein levels, neurogranin concentrations were above LOD/LLOQ in all cases, except for a few CSF samples from WT mice. All Ng concentrations in murine samples (CSF or hippocampus homogenates) were below the ULOQ, and all but one human CSF sample contained Ng concentrations below the ULOQ.
At the mean concentration of 24.0 pg/mL of Ng, within-run precision (CV r ) was 7.8% and the between-run precision (CV Rw ) was 14%. At a mean concentration of 738 pg/mL, CV r was 2.8% and CV Rw was 9.2%. Concentrations of precision determinations are adjusted for the 8-fold dilution (validation was performed on human CSF samples 8-fold diluted). 
Clinical study
We first wanted to evaluate if CSF Ng levels, analyzed with our newly developed Simoa assay which can measure both human and mouse Ng, could still discriminate between patients with AD and healthy controls as previously reported (Kester et al., 2015; Kvartsberg et al., 2014; . In the whole cohort (healthy controls, n = 50 and AD, n = 42), the CSF levels of Ng were significantly increased by 36% in patients with AD compared to controls (p = 0.042, Fig. 3A) . When applying the IWG-2 criteria (AD biomarker profile Aβ42/40 ratio < 0.1 and t-tau > 483), the increase in patients with AD became more evident (121%, p < 0.0001, Fig. 3B ). For this second analysis, 15 healthy control samples were excluded due to signs of either Aβ pathology (Aβ42/40 < 0.1) or tau pathology (t-tau > 483) and 1 sample was excluded due to missing values for Aβ and tau. In the AD group, 14 samples were excluded based on the cut-offs (Aβ42/40 > 0.1 or t-tau < 483).
Mouse studies
Pilot study
In order to validate CSF Ng as biomarker for synaptic degeneration and to validate the new Simoa assay on mouse samples, we used the inducible p25 mouse model. In this model, by measuring the expression of p25-GFP fusion protein in brain tissue by WB, we have already demonstrated that transgene expression is highly induced as early as two weeks after the onset of induction in both cortex (Brureau et al., 2017) and hippocampus (Supplemental Fig. 1A and 1B ). In the latter, we also evaluated the impact of p25 induction on synaptic markers in hippocampal lysates and we demonstrated a reduction of PSD-95 of 9-10% after two weeks induction and of 28-38% after five weeks induction (Supplemental Fig. 1C and 1D ).
Here, we were able to quantify mouse Ng in hippocampal lysates and CSF. In CSF, all samples were found to be measurable, i.e., above the LOD (Fig. 4A ). There was a significant increase (29-fold, p = 0.008) Fig. 3 . illustrates the group differences of cerebrospinal fluid levels of neurogranin of the whole cohort (A) and after the exclusion of individuals where clinical diagnosis did not match the biomarker profile (AD criteria: Aβ42/40 ratio < 0.1 and t-tau > 483 pg/mL) (B). Data are presented as median (interquartile range). Adjusted LOD (7.36 pg/mL), LLOQ (14 pg/mL) and ULOQ (11,360 pg/mL) are indicated as dotted lines. NB: For the calculation of adjusted values for these human CSF samples, the 8-fold dilution was used. And for the adjusted ULOQ, we used the upper calibration point that was run in parallel: 1420 pg/mL (adjusted ULOQ = 1420 × 8 = 11,360 pg/ mL). There is a non-significant 34% reduction in hippocampus soluble fraction as measured by the Simoa (B) and a non-significant 48% reduction in hippocampus soluble fraction as measured by WB (C). Panel D illustrates the levels of PSD-95, another synaptic protein, in hippocampus of the same mice.
The reduction is only of 22%. Data are presented as median (interquartile range). Adjusted LOD, LLOQ and ULOQ are indicated as dotted line. Male mice only. NB: For the calculation of adjusted values in pg/mg in brain, the 10,000-fold dilution and the mean of total protein concentrations in brain lysates (6.746 μg proteins/ μL) were used. For these samples, the upper calibration point run in parallel was 600 pg/mL (adjusted ULOQ = 600 × 10,000/6.746 = 889,416 pg/mg prot.) of Ng after three weeks of p25 induction. In the soluble fraction of hippocampal lysates, levels of Ng measured by Simoa (Fig. 4B) and WB (Fig. 4C ) were found to be decreased by 34% and 48%, respectively. This decrease was, however, not statistically significant (p = 0.095) on this small number of animals (n = 5). In the same brain samples, PSD-95 was only reduced by 22% (p = 0.548) (Fig. 4D) .
Time-course study
Next, we performed a time-course study in p25 mice with CSF sampling after different time points, one, two, four and six weeks of induction. Samples from the following number of animals were included in the final study n = 10 (WT), n = 11 (1wON), n = 13 (2wON), n = 13 (4wON) and n = 14 (6wON). All samples showed Ng concentrations above the LOD except for one sample of the WT group. CSF Ng levels were significantly increased in the p25 mice following induction at all time points tested (p < 0.0001 versus WT). The highest CSF Ng levels were reached after 2 weeks of induction (6129 pg/mL in male and 3244 pg/mL in female mice). From 2 to 6 weeks, there was a progressive decline in Ng levels reaching 192 and 114 pg/mL at 6 weeks in male and female mice respectively. These levels in the 6wON group still remained higher than the basal levels in the WT group (47 pg/mL) ( Fig. 5) .
We performed an additional study with p25 4wON mice. We wanted first to characterize Ng peptides in the pool of CSF samples using IP-LC-MS analysis, but we failed to detect enough Ng to be conclusive. The second objective of this study was to evaluate and characterize Ng levels in brain samples. Levels of Ng in hippocampal lysates from p25 4wON (n = 50, 23 female, 27 male) and WT mice (n = 49, 22 female, 27 male) were analyzed using both Simoa (Fig. 6A) and WB ( Fig. 6B and Supplemental Fig. 4 ). The~8-9 kDa Ng immunoreactive band corresponding to full length Ng (Supplemental Figs. 4 and 5) was quantified by WB. Ng levels were found to be significantly decreased after four weeks induction, 55% and 38%, for Simoa and WB, respectively (p < 0.0001). There was a significant correlation between WB and Simoa quantification (Fig. 6C , r s = 0.631, p < 0.0001).
Using IP-MALDI on hippocampal lysates, we identified a total of six Ng peptides. Quantification of these peptides revealed that there was a significant reduction of peptide Ng52-78 ( Fig. 7D ) in p25 4wON mice compared to WT (p = 0.0047). In contrast, no significant differences were found in the quantity of peptides Ng52-72/Ng53-73 ( Fig. 7A ), Ng53-75 ( Fig. 7B ), Ng53-78 ( Fig. 7C) or Ng43-78 ( Fig. 7E) , between WT and p25 4wON mice. We verified the identity of three peptides (52-78, 53-75, 53-78) using LC-MS/MS.
Discussion
We present a successfully developed and pre-validated ultrasensitive assay for the quantification of Ng in both mouse and human CSF and we first confirmed that CSF levels of Ng are significantly increased in patients with AD compared to controls, as has been reported previously (Kester et al., 2015; Kvartsberg et al., 2014; Thorsell et al., 2010; Wellington et al., 2016) . Next, in a small pilot study in p25 mice, we demonstrate that the Simoa assay is sensitive enough for the quantification in CSF from mice with a LOD of 26 pg/mL once adjusted for dilution. Our pilot data also suggest that this mouse model presents a marked increase in CSF Ng upon induction of p25 expression. Furthermore, we show that levels of Ng are concomitantly reduced in the hippocampus of this mouse model using both the Simoa assay and WB. A time-course follow-up study further confirmed that Ng levels in CSF increase upon the induced neurodegeneration, with the maximum increase evidenced after two weeks of induction. In the same model, we report a reduction of PSD-95 in brain after p25 induction. These results are consistent with previous studies in AD patients showing reduction of synaptic proteins in frontal cortex and hippocampus (Diez-Guerra, 2010) and an elevation of Ng in CSF (Davidsson and Blennow, 1998) .
In the 4wON study, we have documented a sex difference that could suggest that male mice may be more vulnerable to p25 expression. However, we previously reported that, in this model, the levels of transgene expression, as measured by p25-GFP protein expression, were higher in male mice than in female mice, which also resulted in differential levels of NFL in CSF (Brureau et al., 2017) . Thus, it is likely that differences in Ng were also related to differences in p25 expression rather than sex-related.
It is interesting to note that, in our preliminary study, we showed that PSD-95 was decreased in brain tissue after p25 induction. Similar to Ng, PSD-95 is a post-synaptic protein, found in the dendritic spines in the post-synaptic density (Okabe, 2007) . There is only a limited number of studies investigating the protein levels of PSD-95 in aging, AD or AD models, and data are contradictory depending on the brain region studied or on the pre-clinical model that was used (Savioz et al., 2014) .
In the p25 mouse model, the major reduction in PSD-95 was observed after five weeks of p25 induction, suggesting that the effect on PSD-95 is less pronounced and appears later than the effects seen on Ng. As suggested by Savioz et al., this might be because of the dual role of PSD-95, which is involved in both reactive and/or compensatory mechanisms (Savioz et al., 2014) .
Included in this study was also the epitope mapping of the monoclonal H-6 antibody which was generated by immunization with Ng amino acid 1-50. Our data suggest that the H-6 antibody has an epitope in the region of amino acids 37 and 39. Interestingly, this sequence (FRG) is part of the IQ-motif (amino acids 33-46 in Ng) which is also found in GAP-43, a neuronal marker. In our study, the H-6 antibody also detects in WB a band of the same apparent molecular weight (around 43 kDa) in human and mouse brain extract, similar to that seen with the GAP-43 antibody NM-4 (Mercken et al., 1992) . Cross-reactivity for GAP-43 in our Simoa assay was therefore investigated by spiking GAP-43 at different concentrations into CSF and there were no signs of There was also a significant increase in Ng CSF levels after two weeks induction compared to one, four and six weeks induction (p < .0001). After six weeks, Ng levels remained still higher than in WT animals. Data are presented as median (interquartile range). Male and female mice. Adjusted LOD (26 pg/mL), LLOQ (49 pg/mL) and ULOQ (11,928 pg/mL) are indicated as dotted line. NB: for these mouse CSF samples, the 28 -fold dilution was used to calculate the adjusted values and the upper calibration point run in parallel was 426 pg/mL (adjusted ULOQ = 426 × 28 = 11,928 pg/mL).
K. Höglund, et al. Neurobiology of Disease 134 (2020) 104645 cross reactivity. Because the H-6 antibody has been raised against the peptide Ng1-50, it cannot be ruled out that there may be additional epitopes along the sequence Ng1-11 that we did not test in our SPR binding study. Furthermore, an inherent limitation of the epitope-mapping using a set of shorter peptides is that conformational epitopes may not be detectable.
With respect to the many species of Ng found in CSF we also wanted to understand whether the Simoa assay . 7 . Panels A-E present the levels of six different neurogranin (Ng) peptides in the soluble hippocampi brain tissue fraction comparing WT (n = 10) and p25 4wON (n = 10). Only peptide Ng52-78 was found to be significantly different comparing WT and p25 4wON (p = .0047). Immunoprecipitation was performed using Ng2 antibody and the identity of the peptides was confirmed using LC-MS/MS. was measuring full-length Ng (i.e., Ng not cleaved in the middle region) or if it is an assay that measures "total" Ng (i.e., peptides and full-length protein containing the epitopes of the antibodies). As described above, H-6 antibody is believed to bind close to the region where calpain-1 has been shown to cleave (Becker et al., 2018) and our IP-MS data suggest that H-6 antibody only pulls out full-length Ng, indirectly suggesting that the Simoa assay measures full-length Ng. In support of this is the correlation between the WB analyses, which measured full-length protein, and the Simoa analyses. If cleavage of Ng is upregulated in AD, one could speculate that analyzing full-length protein would be a better biomarker than analyzing all species of Ng together ("total"). However, a recent systematic investigation demonstrated that the diagnostic utility of Ng was not assay dependent (Willemse et al., 2018) .
Originally generated to explore the role of deregulated brain Cdk5 activity in triggering in vivo neurodegeneration, p25 mice display changes in several neurodegenerative mechanisms, including neuronal cytoskeletal alterations, abnormal protein hyperphosphorylation, synaptic dysfunction, cell cycle activation, DNA damage and activation of glial cells (Cruz et al., 2003; Fischer et al., 2005; Kim et al., 2008; Sundaram et al., 2012; Fischer et al., 2007) . The ability to regulate the neurodegeneration phenotype in p25 mice makes this a relevant model to evaluate candidate dynamic biomarkers of neurodegenerative processes in biofluids. We have previously characterized the p25 mice model with respect to CSF levels of NFL (Kvartsberg et al., 2018) , a protein particularly abundant in axons and associated with neuronal death and axonal degeneration in several neurodegenerative diseases including AD (Rosengren et al., 1996; Skillback et al., 2014) . Interestingly, in comparison to CSF NFL levels which correlate with ongoing neurodegeneration in the p25 mice model and peak after four/five weeks (Brureau et al., 2017) , our new data demonstrate that Ng levels in mouse CSF reach a maximum after only two weeks of p25 induction. This temporal pattern of changes in CSF suggests that synapse loss precedes neuronal loss in this mouse model, as previously demonstrated in patients with AD (Arendt, 2009; Serrano-Pozo et al., 2012 ). An alternative interpretation is that p25 induction may have a direct effect on Ng homeostasis by influencing its binding to calmodulin, e.g., by Cdk5 activation (Diez-Guerra, 2010; Huber et al., 2013) . In any case, these data further strengthen the utility of this mouse model in timecourse biomarker studies and suggest that Ng in CSF could be an earlier biomarker of ongoing neurodegeneration than NFL.
Our next objective was to check if, as we have previously reported in human CSF (Mercken et al., 1992) , neurogranin was only detectable as a short C-terminal fragment in mouse CSF and not as full length Ng. But we failed to detect sufficient amounts of Ng peptides to be conclusive.
In human cortex (Mercken et al., 1992) , in contrast to CSF, we have reported the detection of several peaks in the mass range of full length Ng corresponding to post-translationally modified Ng and, in addition, several peaks corresponding to short C-terminal peptide species. We have also recently shown that the ratio between some of these Cterminal peptides and full length neurogranin was increased in AD brain (Kvartsberg et al., 2018) . We therefore decided to explore whether, in our mouse model of inducible neurodegeneration, C-terminal peptides were also detected and increased in the brain. We identified a total of six C-terminal peptides in the hippocampal lysates of 4wON p25 mice and WT mice. Only one peptide, Ng52-78, was significantly downregulated upon induction. The decrease observed for this peptide, together with the increase in full length Ng contrasted with our previous results obtained in human cortex, as well as with the results of our WB and Simoa analysis in the same hippocampal lysates. This result contrasts also with our preliminary WB analysis, in which we identified in the 2 hippocampal lysates that were analyzed, a short fragment that seems to be increased upon p25 induction together with the reduction of full-length Ng (Supplemental Fig. 5 ). This short fragment could correspond to the cleavage product we observed after calpain 1 digestion of Ng (Becker et al., 2018) . Additional work using both WB and high resolution MS could contribute to further understanding of these findings. The identification of such a cleavage in hippocampus in this model of inducible neurodegeneration would certainly add some translational value to this preclinical model, but this was not the primary objective of our study.
There are two main limitations of the present study. First, aiming to identify a translational biomarker that could be used to assess the effects of compounds both in animal models and in humans, we have compared observations in AD patients with observations in an inducible p25 mouse model. These mice may not be the first choice of model to study AD like pathology, even if several publications have provided evidence of aberrant APP processing and tau pathology in this model (Cruz et al., 2003; Cruz et al., 2006; Giusti-Rodriguez et al., 2011) . But we chose to evaluate CSF neurogranin in this particular mouse model because impairment in learning and memory, as well as synaptic deficits had been documented in these mice after prolonged p25 expression (6wON) in the literature (Fischer et al., 2005; Giusti-Rodriguez et al., 2011 ) and because we had also observed, in these mice, a substantial reduction of post-synaptic protein PSD-95 levels in two prior studies after 5wON. In contrast, using two other transgenic mouse models of tau or amyloid pathology, the ThyTau22 and APP/PS1 strains, we found that PSD-95 levels were not consistently lower in hippocampus of these mice at 9 and 8 months respectively, when hallmarks of AD pathology are evident. And, when examining potential biomarkers in both nonclinical and clinical studies, we would argue that a focused mechanism-based perspective could serve, since none of the existing mouse models fully recapitulates all the AD pathological hallmarks.
The second limitation of this study is the lack of MCI stages in our small cohort. Several papers support that CSF levels of neurogranin reflect the intensity of synaptic degeneration in AD, and signals in the early stages of the disease. In the early MCI stage of AD, high CSF levels of neurogranin predict future rate of cognitive decline Mattsson et al., 2016; Portelius et al., 2015) and also correlate with future rate of hippocampal atrophy and rate of metabolic reductions on cortical glucose (FDG-PET), especially in amyloid PET positive cases (Mattsson et al., 2016; Portelius et al., 2015) . Nevertheless, the aim of the present study was essentially to validate, by confirming previous results obtained in CSF AD samples, the newly developed sensitive Simoa assay which cross-reacts with both mouse and human, thereby supporting translatability.
To conclude, our time-course evaluation of Ng in brain and CSF in the inducible p25 mouse model demonstrates that this pre-clinical model presents similar biomarker signs of synaptic alterations as those seen in patients with AD. Furthermore, our data suggest that Ng is a translatable biomarker of value for future pre-clinical and clinical studies and that it could be an earlier marker than NFL in neurodegenerative diseases. Other mouse models perhaps more relevant of Alzheimer pathology should now be explored with our new Simoa assay. Future studies on CSF levels of Ng and their correlation with behavioral and cognitive changes in mouse models, together with the ongoing longitudinal clinical trials enrolling patients with early symptomatic AD will certainly shed light on the relationship between CSF neurogranin and other CSF biomarkers and cognitive parameters.
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